To improve the performance of exercise stress testing in the diagnosis of effort angina while minimizing risks of serious complications, we evaluated an impulse response of ST changes, which is a transient ST response resulting from a hypothetical, strenuous-impulselike exercise, without actually imposing the strenuous load. To obtain the impulse response, subjects walked intermittently according to a computer-generated random binary sequence on a treadmill for 20 minutes (with a constant speed of 1.7 mph and a slope of 10%). We used Fourier transform for beat-to-beat changes in ST level and the binary sequence of exercise. We then determined the transfer function by taking the ratio of Fourier transformed ST level to exercise over the frequency range of 0.5 through 5.0 cycles/min. Converting the transfer function to the time domain yielded the impulse response of ST change. The subjects consisted of 49 patients (60 ± 9 years) with effort angina, 13 patients with atypical chest pain (56 ± 9 years), and 30 healthy, male volunteers (23 ± 7 years). In 82 subjects (89%), the ST impulse response showed an initial depression followed by a smooth, gradual restoration toward the preexercise ST level (type I response). The average duration of the initial depression was 8 ± 3 seconds in the healthy volunteers, whereas it was significantly prolonged to 23 ± 14 seconds in effort angina (p<0.05). The depression in patients with atypical chest pain was not significantly different from that in the healthy volunteers. Although the level of exercise was milder in the proposed exercise test than in the conventional treadmill exercise test, the sensitivity and the specificity were significantly better in the proposed exercise test than in the conventional one in the same population. We conclude that this random exercise test is a sensitive, safe tool and is very accurate for the diagnosis of effort angina. (Circulation 1988;78:825- 
Random Exercise Test
The examinee intermittently walked on a treadmill that moved at a constant speed of 1.7 mph with a fixed slope of 10% for 20 minutes after a pretaped, computer-generated, two-tone sound command. The exercise command signal was a random binary sequence with a minimal interval of 6 seconds. The exercise command signal had a constant power distribution in the frequency domain up to 5 cycles/ min to avoid the distortion of the linear response resulting from the nonlinear system behavior. 12 The average duty ratio of the command signal was 0.5. Therefore, the actual walking time was 10 minutes (i.e., 50% of the total test period) for the walking distance of 0.28 miles. On a four-channel FM magnetic tape recorder, we recorded the command signal and an electrocardiographic signal obtained from a chest lead (either from V5 or V6).
Data Analysis
The FM tapes were played back and digitized at 200 Hz with a twelve-bit resolution on a laboratory computer system (PDP 11/44, Digital Equipment, The impulse response can be obtained either by the time-domain approach through the direct deconvolution or by the frequency-domain approach. We used the latter to reduce the computational burden. As shown in Figure 1 , the impulse response is obtained in the frequency-domain approach by converting the transfer function to the time domain. To determine the transfer function from the exercise stress to ST change, we first computed spectra of the exercise binary sequence and changes in ST by the fast Fourier transform. We divided the 20-minute periods of data into several segments and windowed them with the four-term BlackmanHarris window. 13 We then transformed each segment by the fast Fourier transform and ensembled the resultant spectra to reduce the variance of the spectral estimation. Second, we obtained 1) crosspower spectra between the changes in ST and the binary exercise sequence and 2) power spectra of the binary exercise sequence. The cross-power spectra were obtained by multiplying the conjugate of the exercise spectra to the ST change spectra. Third, computing the ratio of the cross-power spectra to the power spectra in each corresponding frequency yielded the transfer function. Patients neither complained of any symptoms nor showed obvious ST-T changes during and after the random exercise. The three major types of the impulse response are illustrated in Figure 2 . In 82 of 92 subjects, the ST impulse response showed a transient initial depression followed by a slow or rapid restoration toward the preexercise level (type I response; Figure 2 , left panel). In six subjects, the ST impulse response showed a transient initial elevation followed by a gradual decline toward the preexercise ST level (type II response; Figure 2 , middle panel). In four subjects, the ST impulse response fluctuated (type III response; Figure 2 Table 2 .
Because about 90% of subjects were type I responders, we primarily focused our analysis on the subjects who had the type I response. Figure 3 illustrates typical examples of ST impulse response of a healthy volunteer and a patient with effort angina. The amplitude of the ST impulse response was normalized by the maximum deviation of ST. Figure 5 . The restoration of perfusion to the ischemic area clearly shortened the duration of initial ST depression. The average durations of the ST depression before and after such interventions were 27 12 seconds and 13 8 seconds (n =9, p<0.05), respectively. Reproducibility of this test was confirmed in five healthy subjects and five patients with effort angina. In both groups, there was no significant difference in the duration of the initial ST depression between the first and the second test (healthy subjects: 9 1 seconds vs. 10 ± 2 seconds; patients: 37 ± 19 seconds vs. 40±24 seconds).
Specificity and Sensitivity
To establish a diagnostic criterion of angina based upon the random exercise test, we evaluated the sensitivity and specificity as a function of the duration of the initial ST depression. If the ST depression longer than 12 seconds was used as a criterion, the sensitivity was 83%, and the specificity was 92%. If 14 seconds was used as a criterion, the sensitivity was 64%, and the specificity was 94%. These sensitivities and specificities were substantially better than those of the conventional exercise test with the Bruce protocol (50% and 72%, respectively), which was applied for the same population. Of interest, all eight patients with atypical chest pain who had shown a positive response for the conventional exercise test were correctly diagnosed by the random exercise test.
Relation Between the Duration of ST Depression and Severity of Coronary Lesion
We analyzed the relation between the duration of ST depression and the severity of coronary lesions. As shown in Figure 6 , the duration of ST depression averaged 15±8 seconds (range, 7-30 seconds) in one-vessel disease (n = 23), 25 ± 16 seconds (range, 9-50 seconds) in two-vessel disease (n = 14), and 40 ± 13 seconds (range, 14-54 seconds) in threevessel or left main trunk disease (n = 7). These differences were significant (p<0.05). One patient with effort angina with evidence of old myocardial infarction (6 months before the admission) had no significant coronary lesions at the period of the coronary angiography. 
Discussion

Principles of the Method
We have shown that the ST impulse response resulting from hypothetical, strenuous exercise could diagnose effort angina. Instead of imposing strenuous exercise on patients, we imposed very mild random exercise and computed the impulse response using the so-called "system identification technique." '12 In this analysis, the exercise stress was the input, and the changes in ST were the output. We computed the linear transfer function from the input to the output. Random input was necessary to ensure the unbiased estimation of the linear transfer function. That is, by randomizing the input, that is, white, one can orthogonalize the system's linear response out of the nonlinear response. Although not shown, a coherence analysis between the input exercise and output changes in ST indicated that the linear response accounted for one third of the total ST response. The rest of the response was attributed to the nonlinear nature of the ST change resulting from the exercise input. It is not known whether the further analysis of the nonlinear ST response leads to more accurate diagnosis of effort angina than the linear-term analysis alone.
In conventional stress testing, the time course of the ST response to stepwise increases in the stress level has been extensively studied. As shown in the '"Results," a trade-off exists between the sensitivity and specificity, which has been shown also in the conventional exercise tests. Depending upon the purpose of the stress test, one may alter the criterion. For the purpose of identifying patients for further invasive coronary evaluations, a 12-second depression may be used as the criterion. With this criterion, the sensitivity was far better than that of the conventional exercise test for the same population, and it did not compromise specificity.
Physiological Interpretation
As has been indicated, about 90% of subjects showed the type I response. In the patients with effort angina, myocardial ischemia associated with a hypothetical strenuous exercise stress would be responsible for the prolonged depression of ST impulse response. In the healthy volunteers, however, the mechanism of the ST depression is not clear. Barnard et al'9.20 and Foster et a121 reported that the sudden strenuous exercise could cause significant ST depression even in normal subjects. They attributed the ST depression to transient subendocardial ischemia. It is not yet known whether the transient ischemia is truly responsible for the initial depression of the ST impulse response in the normal volunteers.
Conclusion
In conclusion, the combination of improved diagnosis and of negligible risks of serious complications makes the random exercise stress test a very useful and a powerful tool for the diagnosis of effort angina.
